The scaled-up production of biofuels and bioproducts in the US is likely to cause land use expansion and intensification domestically and internationally, possibly leading to undesirable environmental and socioeconomic consequences. Although these concerns have been widely recognized, sustainability governance systems are yet to be developed. Here, we review (1) the US bioenergy policies, (2) biofuel production and market trends, (3) major sustainability concerns, and (4) existing regulations and programs for sustainability governance, including potential interactions with markets and technology. US bioenergy policy dates back to the 1970s and has evolved over time with various tax incentives plus production mandates in recent key legislation. Commercial production of cellulosic biofuels is impeded largely by technology and cost barriers. Uncertainties exist in the estimates of environmental and socioeconomic impacts due to the lack of empirical data and knowledge of complex relationships among biofuel and bioeconomic development, natural ecosystems, and socioeconomic dimensions. There are various existing sustainability governance mechanisms on which a biofuel sustainability governance system can be built on. Considering all these, we propose an adaptive system that incorporates regulations, certification, social norms, market, and technology for sustainability monitoring and governance, and is able to contribute to addressing the overall environmental concerns associated with collective land use for food, fiber, and fuel production. Building on existing programs and mechanisms and with proper monitoring of biofuel and bioproduct development, such a governing system can be developed and implemented in response to sustainability concerns that may arise as biofuel and bioproduct production increases.
Background
The United States (US) is one of the largest liquid biofuel producer and consumer countries in the world [1] . Liquid biofuels produced and consumed in the US so far are dominated by corn (grain)-based ethanol [2] . Thus, current sustainability issues associated with agriculturebased biofuels in the US stem primarily from the increased production and utilization of corn (grain) for biofuel production. Major sustainability (environmental, economic, and social) concerns related to corn ethanol have centered on (a) expanded and more intensive use of land for corn production, which increases soil erosion and chemical (fertilizer, herbicide, and pesticide) use and leaching and impacts wildlife habitats, and (b) increased use of corn for ethanol production, which increases grain prices and likely causes indirect land use change (ILUC) and food security concern in less developed countries [3] . The existing sustainability governance for corn ethanol largely depends upon mandatory environmental regulations, voluntary conservation incentive programs, and best management practices.
Recently, the Energy Independence and Security Act (EISA) of 2007 has set an ambitious goal to increase biofuel shares in the US national energy profile by developing advanced and cellulosic biofuels [4] . According to the EISA, by the year 2022, the total biofuel output in the US will reach 136.3 billion liters (36 billion gallons) with 83.3 billion liters (22 billion gallons) of cellulosic and advanced biofuels. Achieving this production target for cellulosic biofuels demands a tremendous amount of biomass feedstock, including agriculturebased biomass such as crop residues, energy crops, and oilseeds, as well as biomass from forests and algae [5] .
Increased production of agriculture-based biomass for biofuel production at this large scale could pose environmental, economic, and social sustainability concerns [6] . Addressing these concerns is challenging given the complex interactions and tradeoffs among production and markets for food, fuel, fiber, and ecosystem services such as water, biodiversity, and carbon. We explore some of these interactions and tradeoffs, to create a conceptual framework for developing a sustainability governance system for an agriculture-based biofuel and bioeconomic development in the US.
Methods
Our primary approach is first to examine and analyze if there is rationale for developing new specific sustainability governance system for an agriculture-based biofuel and bioeconomic development in the US. This will depend on the following:
1) The current and expected near-term production levels, if this is large enough to justify the effort needed to develop a specific new governance system at the moment. The analysis builds on a review of existing policies that support bioenergy deployment in the US, as well as review of the potentially available agricultural residues and land for energy crop production, and extent to which these resources are already used in biofuel production. It also explains the importance of R&D investments. 2) The potential sustainability concerns associated with agriculture-based biofuel and bioeconomic development, and what is known about the extent to which they occur in different conditions. This analysis builds on a review of key sustainability concerns and impacts as described for the US in the existing literature.
Next, we examine the conditions for developing a new specific sustainability governance system for an agriculture-based biofuel and bioeconomic development in the US, including the following:
1) The extent to which the identified sustainability concerns and impacts are already addressed by existing sustainability governance. For this purpose, we review the existing relevant US regulations and state programs, private certification systems, and other voluntary non-state programs, including their scopes and the extent to which they are being applied.
2) The extent to which markets and technologies can influence aspects of sustainability governance. The analysis identifies interactions within and among the markets for fuels, food, and fiber, and discusses this in relation to financial instruments and other mechanisms for sustainability governance. It also reviews selected technologies that can potentially influence biomass and biofuel production and aid in monitoring and safeguarding sustainable biomass and biofuel production.
Finally, we suggest a conceptual framework with recommendations for developing a sustainability governance system for an agriculture-based biofuel and bioeconomic development in the US, based on the following:
1) A framework to understand what motivates
behavioral changes, which is the ultimate aim of a governance system. The framework relies on a classification system for governance measures, as well as the concepts such as social norms and selfconsciousness. 2) Synthesis through logical reasoning based on the presented evidence and data, and the various analyses conducted to reveal relationships among relevant factors described above. Because of the interconnectivity among policy, market, and technology as well as their influences on the production and consumption of biomass, biofuels, and other bioproducts, we argue that they all should be considered and incorporated in the sustainability governance of biofuel and bioeconomic development along with other factors such as social norms and self-consciousness.
US bioenergy policies and production
US bioenergy policy US bioenergy policy dates back to the 1970s and has evolved over the past several decades (Table 1) . Major policy goals have been (rural) economic development (income and jobs), national energy security (high oil prices and overreliance on imported oil), and greenhouse gas (GHG) emission mitigation. Key policy instruments have included production mandates (fuel blending requirements and production targets or quotas in the transportation sector), tax incentives or subsidies, biofuel import tariffs, and R&D investments. The mandates and tax incentives/subsidies were designed to promote [7] with amendments of 1990 [8] Authorized the development and implementation of regulations, standards, and initiatives to limit air pollutants from both stationary and mobile sources.
1978 Energy Tax Act [9] X Provided a tax exemption of US$0.40 per gallon (US$0.11/L) of ethanol (the tax exemption is proportional for gasoline mixed with ethanol), in the wake of the oil crisis.
1982 Surface Transportation Assistance Act [10] X Increased the tax exemption to US$0.50 per gallon (US$0.13/L) of ethanol 1984 Tax Reform Act (amendment of Deficit Reduction Act) [11] X Further increased the tax exemption to US$0.60 per gallon (US$0.16/L) of ethanol 1990 Omnibus Budget Reconciliation Act [12] X Extended the ethanol tax exemption through 2000 (but decreased it to US$0.54 per gallon (US$0.14/L)).
1992 Energy Policy Act (EPAct) of 1992 [13] X Encouraged the use of alternative fuels including biofuels to reduce dependence on petroleum and improve air quality.
1998 Transportation Equity Act of the 21st Century [14] X Extended the ethanol tax exemption through 2007 (reduced to US$0.51 per gallon (US$0.13/L) by 2005).
2004 Job Creation Act [15] X Extended the ethanol tax exemption to 2010 but changed it from an excise tax exemption to a blender tax credit. The tax credit was later decreased to US$0. 45 domestic biofuel production and consumption while the import tariffs were intended to protect the developing domestic biofuel industry from damaging competition from foreign producers [24] . The R&D investments aimed to develop and commercialize cutting-edge technologies to reduce biofuel production costs and thus to foster biofuel market proliferation. Prior to 2005, polices relied on providing tax breaks or other incentives including financial and technical assistance to biomass and bioenergy producers and fuel blenders to promote biofuel production. These earlier policies were relatively narrowly focused in terms of policy objectives and instruments used. Rural economic development and job creation as well as energy security were the primary policy drivers. As such, tax incentives and subsidies were the main policy instruments. On the other hand, later policies, especially the Energy Policy Act of 2005 [16] and the EISA of 2007 [4] , have directly set mandated biofuel production quotas, although tax incentives and subsidies are still part of the overall policy instruments, to achieve multiple objectives like energy security, GHG emissions, job creation, and economic development. Based on the statutory targets with adjustments, the US Environmental Protection Agency (EPA) develops Annual Renewable Fuel Standards (RFS) (or Annual Volume Standards) for various categories of biofuels as required by the Clean Air Act [7, 8] in the context of air quality.
One recent incentive program is the Biomass Crop Assistance Program, authorized by the Food, Conservation, and Energy Act of 2008 (i.e., the 2008 Farm Bill) [18] , which provides financial assistance to agricultural and forest land owners and operators for producing and delivering biomass feedstock for conversion to bioenergy. Furthermore, the Office of Energy Efficiency and Renewable Energy (EERE, US Department of Energy) supports R&D investments, which are essential to solving the technology bottleneck of second-generation biofuels. Recent R&D investments have targeted key technologies pertinent to biomass production and logistics, biomass-to-biofuel conversion, and integrated biorefineries and distribution infrastructure as well as crosscutting issues for technology adoption and sustainability [25] .
Prior to 2007, policies were focused on corn-based ethanol (i.e., first-generation biofuel). As the concern about the impact of using corn for fuel production on world food prices and supply loomed, recent policies, especially the EISA of 2007, stressed the development of biofuels derived from non-food-based feedstocks, e.g., cellulosic and advanced biofuels or second-generation biofuels [4] . This switch in feedstock sources from grainto non-grain-based biomass is expected to lessen the impact on food markets and land and reduce GHG emissions [4] ; however, large-scale or intensive production of non-grain-based biomass produced from land can still exert tremendous pressure on land use, potentially leading to unsustainable development [6] .
In summary, high oil prices, energy security concerns, and rural income and economic development were primary drivers for the early bioenergy policies and regulations in the US. Environmental drivers especially GHG emission reductions have become important only in recent bioenergy policies and regulations. Although tax incentives and subsidies have been common instruments used in most US bioenergy policies, quotas (biofuel production/output targets) have been a focus of recent policies. R&D investments have become increasingly important to overcome technological and economic barriers to market penetration of second-generation biofuels, while also considering sustainability issues. The evolution of drivers, objectives, and instruments of US bioenergy policy and regulations is expected to continue as economic, social, environmental, and political conditions change, as history has indicated.
Land use and agricultural crop production in the US
There are approximately 145.7 million hectares (360 million acres) of cropland in the US, occupying about 17% of total land area ( Fig. 1) . The land used for crop production has been relatively stable in the past three Cropland 17%
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Misc. uses 9% 120   125   130   135   140   145   150   155   160   1910  1915  1920  1925  1930  1935  1940  1945  1950  1955  1960  1965  1970  1975  1980  1985  1990  1995  2000  2005  2010  2015 Million ha decades at a range of 133.5-141.6 million hectares (330-350 million acres) ( Fig. 1) . Corn production, a major feedstock for corn ethanol, has been concentrated in the Corn Belt across the Midwest region. Corn, soybean, and wheat production occupied almost the same acreage of cropland in 1997. Over the past 20 years, however, corn and soybean production in terms of both total output and areas planted or harvested has been on a rising trend, whereas wheat production has declined considerably (Fig. 2) . The common rising trend of both corn and soybean production suggests that biofuel (corn ethanol) production is not the only driving force of cropland use because a much smaller portion of soybean output has been used for biofuel production compared to corn due to direct consumption by humans and utilization as animal feed [2] . Hence, sustainability issues associated with land use change possibly induced by bioenergy feedstock production should be and can only be effectively addressed in a broader context of the overall drivers of land use and cover change.
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Biofuel production in the US
The use of corn for ethanol production has grown exponentially over the past three decades ( Fig. 3 ). Although the EISA of 2007 has set an ambitious target for cellulosic biofuels, corn (grain) ethanol has continued to dominate the US biofuel production, and cellulosic biofuels are still in the development or demonstration stage ( Fig. 3 ).
Major potential agriculture-based bioenergy feedstock sources for cellulosic biofuels in the US are crop residues and energy crops. Available crop residues include corn stover and wheat, barley, oat, and sorghum straw. Relevant non-food energy crops include switchgrass (Panicum virgatum), energy cane (Sacharum spontaneum), miscanthus (Miscanthus floridulus), and biomass sorghum (Sorghum bicolor L. Moench). The potential availability of these feedstock sources has been examined and appears significant in quantity [5] . Yet, their supply for biofuel production depends upon many factors including demands for grains and ecosystem services; competing uses among croplands, pasturelands, and marginal agricultural lands; prices of biomass; and uncertainties of biomass availability; among other ecological, environmental, economic, and social considerations. Among the potential crop residues identified, corn stover seems to be a dominant biomass source. There is no clearly dominant energy crop identified, and their potential will depend upon their yields, production cost, land availability, and other inputs required for their production [28, 29] .
Although several cellulosic biofuel production plants have been in operation, their capacity is still low ( Table 2) [2]. This happens even though supportive policies are in place, residue feedstocks are available, and considerable amounts of additional feedstocks can be potentially be produced from energy crops. In fact, the expansion of cellulosic biofuel production capacity in the US is constrained by several factors, mainly competition with petroleum fuels, high production costs, and policy uncertainty [30] . High production costs (both feedstock and feedstock-to-biofuel conversion costs) remain a major barrier to the expansion of commercial production of cellulosic biofuels. Low fossil fuel prices and the lack of incentives or mandates for GHG offsets as well as the uncertainty about the role of biofuels in GHG offsetting add additional challenges to cellulosic biofuel development. All these, however, can change, which will make cellulosic biofuels more competitive and beneficial and facilitate their market expansion.
Market and technology development and sustainability governance
The low production level and capacity of cellulosic biofuels at present and in the foreseeable future in the US means that sustainability issues associated with cellulosic biofuels do not yet exist, even if they may emerge in case the large-scale expansion of commercial cellulosic biofuel production becomes a reality. Altogether, this indicates that in spite of supportive policies, market and technology development may, to a larger extent, influence which type and amounts of biofuels are being produced. The fact that market (costs) and technology are currently barriers to biofuel development, however, implies that biofuel sustainability governance should monitor market and technology development and, whenever possible, guide market and technology development towards generating more sustainable outcomes. Although large-scale production of cellulosic biofuels has not happened, research on sustainability governance seems necessary to prevent anticipated unsustainable environmental and socioeconomic impacts associated with the scaled-up production. Moreover, sustainability concerns associated with grain-based biofuels have mainly been inadequate GHG savings and adverse impacts on grain prices and food security [3, 6] . The introduction of minimum requirements for GHG emission reductions and a production shift towards cellulosic and advanced biofuels were intended to address these issues [4] . Because the output targets of cellulosic and advanced biofuels have not been realized, these issues have not been resolved, calling for sustainability governance as the market develops.
Sustainability concerns of agriculture-based biofuel production in the US
Fulfilling the biofuel production targets established by the EISA of 2007 is generally expected to have positive environmental impacts for climate through reduction of GHG emissions, while other potential consequences have also been widely debated. Major concerns include those arising from direct and indirect land use changes (ILUC) and overharvesting of residues, as well as air quality, soil erosion and nutrient loss, water use and quality, and biodiversity [6] . Because these concerns are well known, here, we provide only a brief summary (Table 3 ) with some explanations on those specifically related to the US. 
Direct and indirect land use change
To meet the biofuel production targets established by the EISA, it is likely to directly and indirectly induce the expansion of land used for growing grain crops and energy/biomass crops and the intensification of current cropland management. Domestically, an area of non-cropland (e.g., marginal lands) equivalent to over 10% (16-20 million hectares) of current total cropland area is needed to grow perennial biomass crops in order to meet the EISA's cellulosic biofuel target although actual production of biomass from marginal lands will be constrained by not only the physical availability of these lands but also farmers' willingness to use marginal lands for biomass production [31] . Internationally, the expansion of biofuel production in the US could lead to ILUC, especially conversions of forestlands and other environmentally important or sensitive lands for agricultural production in other parts of the world [32, 33] . Yet, quantifying the ILUC induced by biofuel production is challenging given the complexity of land use drivers and their interconnectivity and is estimated primarily via modeling, yielding a wide range of results [34] . Without accurate estimates of ILUC consequences, governance for mitigating the ILUC impacts remains challenging and mechanisms for monitoring and preventing the ILUC seem necessary.
Intentional and unintentional overharvesting of crop residues
Motivated by economies of scale, biomass producers have a tendency to collect more biomass at a location to reduce its collection and transport costs, thus lowering overall biofuel or bioproduct costs. Moreover, if greater amounts of biomass are harvested from a more limited geographic area, it will result in a shorter biomass supply radius to meet a specific capacity of a conversion plant, exponentially reducing the unit cost of biomass transport and ultimately biofuel production ( Fig. 4 ) [35] . Thus, biomass harvesters (biomass suppliers or contractors not farmers) and biofuel conversion plant operators have incentives to intensify collection of biomass at a specific location. This could lead to intentional overharvesting of biomass in a concentrated area, causing longterm soil productivity and carbon loss, excessive soil and water erosion, and biodiversity degradation. Additionally, biomass yield can change considerably from year to year at a given location, and soil type and conditions as well as other environmental constraints may even vary across a farm field. These variations increase the complexity required to precisely determine and harvest different amounts of biomass (e.g., crop residues) in different years and locations to avoid severe soil erosion and nutrient loss and other negative environmental impacts [29, 36, 37] . This is a difficult task for farm operators and may unintentionally result in overharvesting of biomass in some years or locations. Therefore, mechanisms and tools for preventing both intentional and unintentional biomass overharvesting need to be addressed and developed.
Greenhouse gas emission savings
Biofuels are expected to offset GHG emissions from the production and consumption of fossil fuels. Yet, GHG consequences of biofuels vary with biofuel type, feedstock Entailing economic incentives and a large amount of land to grow perennial biomass to meet the Renewable Fuel Standards [31] Transnational indirect land use (ILUC) including deforestation elsewhere [32, 33] Estimation difficulty [34] Overharvesting of crop residues Overharvesting due to cost savings [35] Overharvesting due to temporal and spatial yield variations [29, 36, 37] Greenhouse gas (GHG) emissions Varying from case to case [38] Emissions associated with ILUC [32, 33] Measurement difficulty [39, 40] Soil erosion and nutrient loss Varying from case to case [41, 42] A potential limiting factor for residue removals in some locations [37] Air quality Increased emissions of PM, O 3 , and SO x [6] and NO x [43] Varying from case to case [44] Water use Increased water use for feedstock production [44, 45] , especially in areas already facing water shortage [41, 46] Water quality Increased chemical use for biomass production [38, 45] or supplementing soil nutrient loss from residue removals [47] [48] [49] Biodiversity
Varying from case to case and unknown impacts [38, 50, 51] Impacting locally important wildlife species [52] Habitat alterations by feedstock production [53] , especially monoculture plantations [54] [55] [56] Risk associated with introduction of genetically modified or non-native plant species [54, [56] [57] [58] [59] Gan et al. Energy, Sustainability and Society (2019) 9:43 Page 7 of 25 used, production processes, and GHG accounting methods, among other things [38] . Concerns about no GHG advantage of some biofuels (e.g., corn-based ethanol) relative to fossil fuels, if indirect land use change is accounted for, have been raised recently [32, 33] . Some researchers, however, argue that biofuel-induced ILUC and associated GHG emissions may be overstated [39] , calling for improved modeling and estimation methods [40] . Such uncertainties are major barriers for policy makers to create stronger policy incentives for biofuel deployment as well as developing and implementing other sustainability governance.
Air quality
While emissions of greenhouse gasses are generally expected to decrease, the emissions of particulate matter, ozone, and sulfur oxide may increase during combustion of biomass-based ethanol due to its higher content of these pollutants compared to petroleum-based fuels [6] . Corn stover-based ethanol could generate much higher nitrogen oxide emissions than gasoline [43] . On the other hand, biomass feedstock (corn stover and herbaceous energy crops) production, in general, would generate less direct air pollution than conventional corn and soybean production primarily because of lower chemical inputs [41] . Overall, the impacts of agriculture-based biofuel production and consumption on air quality vary from case to case [44] .
Soil erosion and nutrient loss
Excessive residue removals and expanded and more intensive land use could cause more soil erosion and nutrient loss, affecting long-term soil health and productivity. Yet, estimating sustainable crop residue removal rates is difficult, entailing consideration of many factors including farming practices, climate, and soil type [44] as well as the objectives for maintaining soil organic matter and carbon [42] . As a result, there is a wide range of variations in recent estimates of the sustainable corn stover removal rate (0-75%). A case study in Iowa indicates that soil erosion and nutrient loss may become an issue only for certain soil type and terrain conditions [37] . The impact of herbaceous energy crop production on soil would largely depend upon the previous land use. On cultivated land, perennial energy crops tend to have moderately positive impacts on soil quality because of less intensive tillage and reduced chemical use. Additionally, the deeper root system and year-round land cover of perennial crops help reduce soil erosion and increase soil organic matter and carbon in the long term [44] . Planting herbaceous crops as stream buffer strips can also reduce soil erosion and chemical runoff from adjacent cropland [60] .
Water use and quality
The water use concern associated with biofuel development would be more locally rather than nationally significant [41] . About 42% of total freshwater withdrawals in the US were for crop irrigation in 2015 [46] . Feedstock and biofuel production will increase water use for irrigation and biofuel milling [44, 45] , creating additional pressure for some areas (especially western parts of the country) where water is already a big constraint to agricultural production [46] . Additionally, increased use of agricultural chemicals for feedstock production, and expanded and more intensive land use can affect water quality [38, 45] .
Collecting crop residues is unlikely to significantly increase water use. However, additional fertilizer use to replenish the soil nutrition loss and increased soil erosion resulting from residue removals may adversely affect water quality [47] [48] [49] .
Biodiversity
The impacts of biomass production on biodiversity vary with feedstock type, production method, scale, location, associated land use change, and other factors [38, 50, 51] . Removals of crop residues would not dramatically change the spatial patterns of habitats, but there could be negative effects on some wildlife species such as pheasants if an excessive amount of corn stover is harvested [52] . Herbaceous energy crop plantations can have positive or negative impacts on biodiversity. Growing herbaceous energy crops on marginal land can help improve landscape restoration, biodiversity, and natural habitats [50, 53, 61] . However, negative effects on wildlife habitats and biodiversity can result from monoculture plantations [54] [55] [56] , alterations of spatial land use patterns [53] , and introduction of genetically modified or non-native plant species [54, [56] [57] [58] [59] .
Interlinkages and uncertainties
These consequences of cellulosic biofuel feedstock production are essentially site specific and will depend upon what, where, how much, and how biomass and biofuels will be produced [38, 44, 52] . Even when all these factors are known, there are enormous uncertainties associated with the environmental consequences of biofuel development, as the socioeconomic and biophysical interrelationships pertinent to biofuel production and consumption are very complex and there is lack of data to quantify these relationships. This complicates creation of simpler and more effective regulations with minimum administrative burdens and costs.
Existing sustainability governance mechanisms
A governance system typically consists of mandatory and voluntary components. These two components interact (ideally complement) each other to achieve desirable objectives or outcomes. This section provides a brief review of existing mandatory and voluntary mechanisms or programs that govern sustainability of agriculture-based biofuel and bioeconomic development as well as other forces and factors that can potentially interplay with these existing mechanisms or programs in the US biofuel and bioeconomic sectors. Currently, mandatory programs are essentially regulations, and voluntary programs mainly include conservation incentive or assistance programs and best management practices (BMPs). Existing relevant regulations primarily include those protecting air, water, soil, and endangered species (Table 4 ). These regulations, incentive programs, and BMPs were established prior to recent bioenergy initiatives. Thus, they were not intended to mitigate the specific environmental impacts of biofuel development. To complement these regulations and voluntary programs, bioenergy certification has been discussed and proposed, but it has not been implemented in the US partially because the production of second-generation biofuels has not commercially scaled up.
There are many other forces or factors that could interact with the existing mandatory regulations and voluntary programs. Among them are markets and technologies, including the markets of other energy sources and technologies that can help monitor and reduce the negative impacts of biomass and bioenergy production and consumption on GHG emissions, air, water, soil, and wildlife habitats.
Policy and government programs
Government regulations and programs include mandatory requirements or compliances (sticks) and voluntary incentives (carrots). While regulations impose mandatory requirements for protecting the environment and conserving natural resources with penalties for noncompliances, incentive programs offer financial and technical assistance to stakeholders to induce and help them to meet the regulatory requirements and/or implement additional conservation efforts beyond the requirements.
Mandatory programs (regulations)
Recent energy or bioenergy regulations like the EISA of 2007 do not cover a wide range of specific requirements for environmental protection. A major mandatory environmental requirement specified in the EISA is the GHG emission reductions for advanced and cellulosic biofuels relative to a fossil fuel reference. However, biofuel development must also be in compliance with existing laws and regulations. Some major existing environmental regulations in the US, which are applicable to the production, trade, and consumption of agriculture-based biofuels and bioproducts, include the following:
The Clean Air Act The Clean Water Act The Soil and Water Resources Conservation Act The Endangered Species Act
The Clean Air Act (CAA) regulates air emissions from stationary and mobile sources. The Act was originally established in 1963 and amended several times with its latest amendments of 1990. It authorizes the US EPA to establish the National Ambient Air Quality Standards (NAAQS) to protect public health and welfare from risks associated with the emissions of hazardous air pollutants. The initial Act required all states in the US to meet the NAAQS by 1975. The subsequent amendments set new dates for achieving the NAAQS largely because many parts of the country could not meet the initial target date. The 1990 amendments revised Section 112 to first require the issuance of technology-based standards for a stationary or group of stationary sources including major and non-major (certain area) sources [8] .
The Federal Water Pollution Control Act Amendments of 1972 [65] , commonly referred to as the Clean Water Act, was built on the Federal Water Pollution Control Act enacted in 1948. It regulates discharges of pollutants into waters and quality standards for surface waters in the US. Authorized by this Act, US EPA has established and implemented pollution control programs including wastewater standards for industry and water quality standards for all contaminants in surface waters. Also, under this law, it is unlawful to discharge any pollutant from a point source into navigable waters without a permit.
The Soil and Water Resources Conservation Act of 1977 [67] authorized the US Department of Agriculture (USDA) to develop and implement natural resource conservation programs to meet the nation's long-term needs. Under this law, USDA is directed to conduct periodic assessments of the soil, water, and related resources in the US (including the status, conditions, and trends of these resources); analyze land and water resource problems; and identify alternative solutions to such problems. Over the years, USDA has collected a tremendous amount of data on natural resource inventory and completed many assessment reports, which provide an overview of land use, natural resources, and the agriculture and forestry sectors in the US while monitoring and assessing the status, conditions, and trends of soil, water, and related natural resources in the country [68] .
The Endangered Species Act of 1973 [66] authorized the US Fish and Wildlife Service (FWS), National Oceanic and Atmospheric Administration (NOAA) Fisheries Service, and other federal agencies to develop and implement programs to conserve and protect threatened and endangered plants and animals and their habitats. The FWS establishes and updates the list of threatened and endangered species, including birds, insects, fish, reptiles, mammals, crustaceans, flowers, grasses, and trees. The law protects from jeopardizing the continued existence of listed species or destructing or adversely modifying their designated critical habitats, and prohibits the "taking" and trade of these species.
These environmental regulations were established long before the biofuel mandates (e.g., EISA). Compliance with these environmental regulations can address many environmental concerns associated with biofuel and bioeconomic development, such as air quality, soil and water conservation, natural resource monitoring, and endangered species protection. Although GHG emissions are not directly specified in these previous regulations, compliance with the Clean Air Act can be linked, to some extent, to controlling GHG emissions, as the EPA has done. Moreover, the EISA has established specific lifecycle GHG emission requirements for biofuels. The required emission reduction from the 2005 petroleum baseline is 20%, 50%, and 60% for conventional ethanol, advanced biofuels, and cellulosic ethanol, respectively [4] .
Voluntary incentive programs
There are several current voluntary incentive programs applicable to agriculture-based biomass and bioproduct production. Most of these programs were not originally designed for biofuel programs and have been implemented for a while, but they are still relevant for the production of agriculture-based biomass and products. These programs can change over time. The following are a few of most widely known voluntary programs that are currently managed by the USDA Natural Resources Conservation Service (NRCS) [62] .
Conservation incentive or assistant programs
There are many conservation incentive or assistance programs that have been established and implemented in the US. These programs provide financial and/or technical assistance to encourage stakeholders (landowners, agricultural and forestry producers, and conservation practitioners) to protect and conserve natural resources and the environment that are also important to sustaining their agricultural and forestry production in particular and the quality of life in general. Some programs have expired, and yet new programs have emerged. Some programs have also evolved over time. Currently, several of these programs are relevant to agriculture-based biomass and biofuel production.
Landscape Conservation Initiatives This program, established under the 2008 Farm Bill, aims to promote locally-driven conservation processes to address the conservation issues that are of regional and national importance. This program focuses on landscape-level efforts initiated at the local level but with impacts that transcend local boundaries. Effective partnerships are further emphasized for this program under the 2014 Farm Bill. Existing efforts supported by this program include water-, wildlife-, and ecosystem-based initiatives, and other landscape-level efforts, leading to cleaner water and air, healthier soil, and enhanced wildlife habitat.
Agricultural Management Assistance Program This program provides financial and technical assistance to farmers in 16 states to encourage them to incorporate conservation into their production processes to address water management, water quality, and erosion control issues. This program offers cost sharing for installing conservation practices, risk mitigation through production diversification and conservation practices, tree planting for windbreaks or water quality improvement, and other agricultural and forestry practices. Conservation Stewardship Program This is the largest conservation program in the US with 312 million hectares (770 million acres) of agricultural and forest lands enrolled. This program focuses on promoting conservation enhancements to agricultural and forestry producers who have already implemented some conservation practices. There is a broad scope of conservation efforts eligible for this program, ranging from planting cover crops to implementing conservation tillage practices and to managing forests to improve wildlife habitats. NRCS personnel provide a oneon-one consultation to an interested producer to develop a tailored conservation plan. The program provides payments and technical assistance for both maintaining existing conservation activities and implementing additional or new conservation efforts.
Environmental Quality Incentives Program This program focuses on the conservation practices that enhance soil, water, air, plants, animals, and other natural resources on agricultural land and non-industrial private forestland. It provides both financial and technical assistance to producers to implement voluntary conservation practices and/or to comply with federal, state, and local regulations. It aims to address priority natural resource concerns on the most vulnerable land and in high priority watersheds. The program offers a variety of conservation practices tailored to meet specific conservation needs and goals of a producer, including residue and tillage management, forage and biomass planting, forage harvest management, forest stand improvement, and many other practices.
Best management practices
Agricultural best management practices (BMPs) also help achieve natural resource conservation and environmental protection such as reducing soil erosion and improving water quality through adopting and adjusting agricultural and forest land management practices. BMP guidelines can be developed by government agencies or industry groups. Unlike conservation incentive programs, producers/farmers do not receive payments or cost sharing by adopting BMPs. Adopting BMPs is usually voluntary.
There are a wide range of agricultural BMPs, including cover crops, contour farming, conservation tillage, terraces, strip cropping, streamside vegetative buffers, irrigation efficiency, and agroforestry, among others. Water protection (quality and quantity) has been a major emphasis of BMPs. In this aspect, agricultural BMPs primarily focus on modifying cropland management practices to reduce soil erosion and nutrient runoff to protect water resources for the purposes of drinking, recreation, animal habitat, fisheries, livestock, irrigation, and other uses.
Certification
Sustainability certification programs are also voluntary, though different from government incentive programs. Certification is a non-governmental, market-based approach to sustainability governance, designed to demonstrate compliance with legislation or a certain standard that complements regulatory requirements (Mansoor M, Stupak I, Smith CT et al.: Trust and Legitimacy in Sustainability Governance of Bioenergy Supply Chains, in preparation). Compared to legislative actions or the public policy making process, in certification programs, non-state actors such as non-governmental organizations (NGOs), industries, and consumers play a vital role in rule-making [69] . However, current certification schemes in general are, to varying extents, criticized for lack of credibility, consistency, and transparency [70] . Additionally, certification incurs costs including a fee to the certification scheme, putting in place required management systems, and collecting documentation to demonstrate that the certification standards are being met. The key benefits for producers to enroll in a certification program may, for example, be to meet legislative requirements, gain market access to certified markets, and/or obtain a price premium [71] . For a producer to participate in a certification scheme, these benefits should outweigh the costs.
There are several bioenergy certification schemes that have been developed and/or implemented around the world [70] . Some of them focus on domestic and regional markets or a specific bioenergy product; others cover global markets or multiple bioenergy products (Table 5) .
To our knowledge, there is no biofuel certification scheme currently operating in the US, although a considerable amount of work has been done on developing principles, criteria, and indicators for safeguarding biofuel sustainability [64, 79] . The current nonexistence of bioenergy certification schemes in the US may be partly due to the lack of government legislation to meet higher standards for bioenergy and markets for certified bioenergy products, the two major drivers/incentives for bioenergy certification. These could change if bioenergy production scales up to the targets established by the EISA of 2007. If US markets will at some point require that sustainability standards be met, future bioenergy certification schemes could build on the work by the Council on Sustainable Biomass Production (CSBP) [64] and experiences from other certification schemes implemented in other parts of the world, such as those (Table  5 ) to meet the sustainability requirements of the European Union Renewable Energy Directive (2009) [78] .
In lieu of literature reviews and synthesis, we offer a few suggestions for a possible future biofuel and bioproduct certification schemes in the US. First, a biofuel and bioproduct certification scheme should address the concerns that have not been addressed by existing legislation such as ILUC, food-fuel-feed conflict, long-term soil productivity, wildlife, and biodiversity, thereby maximizing its complementarity to government policy and enhancing the benefits of the certification scheme.
Second, a biofuel and bioproduct certification scheme should be as simple as possible in terms of principles, criteria, and indicators by focusing on key concerns and issues from a systems perspective. Taking a systems perspective here means considering direct and indirect impacts (environmental, economic, and social) and economic sectors closely related to the biofuel and bioproduct sectors simultaneously and across spatial and temporal scales. Only in this way can the certification scheme add value, be more widely adopted, and better complement existing regulations. The interlinkages among the different components of a mixed natural and human system associated with biofuel and bioproduct production and consumption make this approach possible. In other words, when things are interconnected, there is no need to control everything to achieve the objectives because controlling one thing also directly or indirectly influences some other things.
Third, a certification scheme should adopt the supply chain approach and consider the entire life cycle of biofuels and bioproducts. That is, a certification scheme needs to consider the sustainability of the entire biofuel and bioproduct supply chain and life cycle instead of only a segment of it, to maximize its efficacy. A biofuel and bioproduct certification scheme should also collaborate with and take advantage of existing certification programs for related products, to create synergistic effects and lower certification costs.
Fourth, a biofuel and bioproduct certification scheme should address domestic (including regional and national) concerns while seeking consistency in the certification standards with other major similar certification schemes in the world. This is important given the leading position of the US in the global production, trade, and consumption of agricultural products and agriculture-based bioenergy products. Fifth, a biofuel and bioproduct certification scheme should consider the participation of small farmers and biomass/bioenergy producers as well as large ones by developing mechanisms to lower participation costs for small farmers and producers or by application of riskbased approaches (Mansoor M, Stupak I, Smith CT et al.: Trust and Legitimacy in Sustainability Governance of Bioenergy Supply Chains, in preparation). In both cases, it is needed to engage with small farmers and producers, who are large in number and widely spread spatially. This would be essential to achieve the goals of the EISA of 2007 and to reap the overall benefits of biofuel and bioeconomic development.
The role of markets and technology
Markets Market forces and mechanisms can also play an important role in governing biofuel and bioproduct sustainability. The interaction of supply and demand yields the quantity of production and consumption, which ultimately determines socioeconomic and environmental impacts. Therefore, forces that drive supply and demand can also influence socioeconomic and environmental consequences. For instance, as discussed earlier, tax incentives or subsidies to biofuel producers or blenders shift the supply curve of biofuels, and biofuel production mandates, if fully implemented, can raise the output level of biofuels. Both can increase the quantity of biofuels produced and consumed, leading to associated socioeconomic and environmental impacts. Additionally, entities can exercise their market power (e.g., via market access, market size) to influence the setting and adoption of sustainability standards [80] . These principles have been well explained in the literature of economics, especially natural resource and environmental economics [81] , and thus need not to be further elaborated here. Instead, we will discuss market interactions between biofuels and closely related products which have recently drawn heated debates on biofuel sustainability.
Energy is a ubiquitous product, consumed by all economic sectors and private consumers. Hence, as part of the overall energy market, biofuel markets interact with the markets of many other goods and services. Here, we focus our discussion on fuel, food, and fiber markets, which are most directly related to biofuel markets, and the implications of the market interactions for biofuel sustainability governance.
Fuel markets
Biofuels need to compete in the various energy markets (heat, power, transportation) with alternative energy sources. The production and prices of world and US oil markets have fluctuated tremendously over time. Recent development and applications of hydraulic fracturing (or fracking) technology have greatly improved the prospect of the US domestic oil supply, reduced oil prices, and even increased US oil exports ( Fig. 5 ) [82] . As a result, the US national energy (oil) security concern has been eased to some extent. Meanwhile, fracking has yielded the abundant supply of natural gas in the US with an over 7-fold increase in gross natural gas withdrawals from shale gas from 2007 to 2016 [83] , which can generate less GHG emissions when used to displace coal in heat and power generation. In addition to the rising supply of domestic oil and natural gas, the US has witnessed a rapid increase in wind and solar energy production and consumption during the last decade (Fig. 6) [84] . By March 2017, wind and solar energy accounted for 8% and 2% of US electricity production, respectively, setting a historical record [85] .
Food markets
Biofuel production and consumption can contribute to food price increases and volatility although many other factors such as economic and population growth and weather conditions are also attributable to food price changes. Biofuel production can impact the prices of both grain and animal products (e.g., meat and dairy products), and vice versa ( Fig. 7) , as economic theory suggests. Recent food vs. fuel debates have also pointed to the potential linkages between biofuel and food markets and expressed concerns about the implications of such linkages for food security [86] . For example, biofuel production can increase the prices of grains as some grains are used for biofuel production, and the production of some cellulosic feedstock (energy crops) competes with grain production for land. Similarly, biofuel production can increase the prices of feeds for livestock, thereby also affecting the prices of meat and dairy products.
Yet, precise empirical estimates of the impact of biofuel production on food prices remain challenging though extensive attempts have been made [87] . This is partly because food markets are related to many supply and demand factors, and it is extremely difficult to isolate the impact of biofuel production from others. A recent review and meta-analysis shows that there is a great deal of variation in the estimated impact of corn ethanol production on corn prices in the US and that, on average, corn prices would increase 3-4% for a one billion gallon (3.785 billion liters) increase in the US ethanol mandate in 2015 [88] . Corn ethanol production in the US was also found to amplify the corn price increase induced by the 2012 drought [89] and reduce the responsiveness of corn and food prices to export shocks [90] . These findings suggest that using corn for ethanol production in the US has raised corn prices and can influence corn price variations stemming from other factors like weather anomalies and market disruptions. Production of cellulosic and advanced biofuels, however, is expected to have a smaller effect on food prices than corn (grain) ethanol as residues rather than grain are used as feedstock [86] . Food price increases may have a mixed effect on food security as they raise both the cost for food buyers and the income for food producers including low-income farmers [91] . Regardless of the exact effect, this indicates the connectivity between the food and biofuel markets.
Connectivity between the ethanol market and the gasoline or corn market is also evidenced by ethanol prices being strongly correlated with gasoline and corn prices. The Pearson correlation coefficient between the quarterly prices of ethanol and gasoline and between the quarterly prices of ethanol and corn from 1982 to 2018 in the US is estimated to be 0.863 and 0.703, respectively ( Fig. 8 ), suggesting the gasoline, ethanol, and corn 1951  1953  1955  1957  1959  1961  1963  1965  1967  1969  1971  1973  1975  1977  1979  1981  1983  1985  1987  1989  1991  1993  1995  1997  1999  2001  2003  2005  2007  2009  2011  2013 markets are synchronized. The linkages among corn, biofuel, and oil prices further reveal the connectivity among food, biofuel, and energy markets [92, 93] .
Fiber markets
The possibility of land use competition between biofuel feedstock production and fiber production exists, although studies in this area are relatively few in agriculture ( Fig. 7) . A major agriculture-based fiber crop/plant is cotton. The potential link between biofuel and agriculture-based fiber is their likely competition for agricultural land. However, the likelihood of land use competition is unknown and appears to depend on local or regional conditions. This is partly because cotton is grown in a few regions, not as widely spread as grain crops and livestock, and as such land use competition with cotton has not been included in the national and global assessments of biofuel impacts. This, however, calls for more studies on the impacts of biofuel production at the local and regional levels as well as at the national and global levels.
Land use and land use impacts
Besides direct interactions among the food, fiber, and fuel markets (competition for raw materials), the interconnection among food, fiber, and biofuel production is also via their competition for land, as well as the joint environmental impacts of the land uses in the landscape (Fig. 7) . The competition for land and the mitigation of environmental impacts can further be reflected in the market interactions ( Fig. 7) . For instance, land use competition may increase land cost, thereby boosting the prices of food, fiber, and biofuel products. Likewise, restriction and mitigation of soil erosion from food, fiber, and biofuel feedstock production may increase the production costs of these products. However, the magnitude of such market impacts would differ across food, fiber, and biofuel products, as well as spatially and over time.
The connection between biofuel and food markets suggests that the impact of biofuels (especially grain-based biofuels) on food security needs to be considered in sustainability monitoring and governance. Some of the world's largest biofuel producer countries like the US and Brazil are also among the largest exporting countries of food products (e.g., corn and soybean) [94] . Hence, biofuel development in these countries are likely to have an impact on the global markets of these food products, especially on smaller importing countries. Although international trade 
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Corn cost per litter ethanol can take advantage of comparative advantages of individual countries, dramatic and rapid increases in food prices could make some countries more vulnerable in terms of affordable food supply, raising food security concerns and drive the conversion of non-agricultural land (including forest land) for crop and livestock production, increasing GHG emissions and degrading air and water quality and wildlife habitats [32, 33, 95, 96] . Compared to grain-based biofuels, development of cellulosic biofuels is likely to have less severe impacts on grain markets. Additionally, replacing grain-based biofuels with cellulosic biofuels can alleviate the competition between food and fuel. However, given the limited availability of marginal agricultural land, squeezing existing land use for growing energy crops can also increase the prices of some food products, including grain and animal products. For example, converting pasture land for bioenergy feedstock production could affect livestock production and the prices of livestock products. Additionally, collecting crop residues from existing cropland and converting existing less intensively used land to intensive biofuel feedstock production can elevate environmental concerns including GHG emissions and degradation of soil, water, and biodiversity [38, 44] .
The linkages among food, fiber, biofuel, and energy markets indicate the complexity of biofuel sustainability governance and the importance of coordination among food, fiber, biofuel, and energy policies. International trade of food, fiber, and fuel products further intensifies the complex interlinkages among the production, consumption, and markets of these products, calling for a broad and effective coordination of sustainability governance. However, the delicate interlinkages also suggest that we do not have to monitor and control for everything in a sustainability governance system because when we have the measurements of some indicators, we may also know something about other indicators. Because food, fiber, and biofuel production all depends upon land and generates some joint environmental impacts, a sustainability governance system that addresses overarching issues associated with land use and the joint environmental impacts may be simpler and more effective than a separate system that specifically address the sustainability concerns resulting from producing each crop or product.
Technology
Technology can interact with laws and regulations, certification schemes, and market forces, and thus needs to be considered when developing and implementing a sustainability governance system. Here, we discuss a few technologies that have been used in conservation and/or have great potential and important implications for agriculture-based biofuel sustainability governance.
Conservation tillage
Conservation tillage including no-till and reduced tillage can help reduce soil erosion from agricultural lands and in some cases increase crop yields due to enhanced input use efficiency [97, 98] . Adopting conservation tillage can also mitigate soil erosion resulting from biomass harvest (e.g., corn residue collection and removals), so that more biomass (e.g., crop residues) can be harvested/removed from cropland without increasing soil erosion [99] . This is because soil erosion is directly related to biomass removal intensity.
Yet, conservation tillage, especially no-till, may increase the need for herbicide and other chemical use [100] . Farmers' willingness to adopt conservation tillage is also uncertain, and it may be especially challenging to convince them partly because they do not see the economic benefit of using conservation tillage [101] .
Genetically engineered crops for grain and bioenergy feedstock
Genetically engineered (GE) crops, especially corn and soybean, have been widely adopted in the US. The most common GE crops in the US have been Bt (Bacillus thuringiensis, insect-resistant) and HT (herbicide-tolerant) crops, particularly those with both Bt and HT traits. Approximately 80% of the total corn area planted in the US in 2017 contained Bt, HT, or both traits ( Fig. 9 ) [102] .
Introduction of GE crops have benefits and risks [103, 104] . As such, debates on whether GE crops for food or energy should be allowed will continue, precipitating the need and challenge for sustainability governance. On the one hand, advancements in plant biotechnology may reduce pesticide and herbicide use and the amount land needed to produce a given amount of food, fiber, and biofuel feedstock, thus alleviating the environmental impacts resulting from expanded and more intensive land management potentially caused by biofuel production. Additionally, HT corn has contributed to increased adoption of conservation tillage practices partly because of reduced herbicide need and more effective weed control [103] . On the other hand, there are concerns about the introduction of GE crops, mainly due to unknown or uncertain impacts on humans, other organisms, and the environment. Among the environmental risks is the evolution of resistance to transgenes and potential gene flows, transmission of transgenetic traits from GE crops to nearby plants and their wild relatives [103, 104] . Great opportunities of GE crops thus come with great risks or uncertainties [104] . Hence, development and adoption of GE crops have several implications for agriculture-based biofuel and bioeconomic development and associated sustainability governance. First, introduction of GE crops can increase biomass yields, reducing the need for agricultural land use expansion for feedstock production. Second, introduction of some GE crops (e.g., HT corn) can induce the adoption of conservation practices, increasing the residue harvest rate or reducing soil erosion and herbicide use while producing a same amount of biomass. Third, development of GE crops can alter the physical and chemical properties of biomass, so that they become better suited for the production of biofuels and other bioproducts. Fourth, the concerns about environmental risks and unknown impacts on human health are likely to add another dimension to developing and implementing biofuel sustainability governance systems as they are critical aspects of sustainability.
Overall, advancements in plant genetic technology can help reduce some environmental concerns associated with crop and biomass production, but meanwhile can create new environmental risks. Sustainability governance systems should take full advantages of positive benefits brought about by biotechnology advancements while monitoring and negating the uncertainties and harmful impacts of GE crops.
Precision agriculture
Currently there are three main precision agriculture (PA) technologies adopted by US farmers. They are Global Positioning System (GPS)-based tractor guidance systems, GPS soil and yield mapping, and variable-rate technology (VRT). These technologies help farmers adjust farming practices more precisely according to the information on field conditions collected by the devices. For example, they can lead to more precise application and management of farm inputs like seeds, fertilizers, herbicides, pesticides, and irrigation water. It is estimated that each of these technologies can contribute to a 1-3% increase in corn profits [105] .
The specific functionalities and the ease of use vary across the technologies, which affect their adoption. Of these three technologies, yield monitoring/mapping is most widely used. Corn and large farmers are more likely to adopt these technologies. In 2010, yield monitors were used on 70% of planted corn acreage in the US, yield mapping on 44%, soil mapping on 31%, guidance systems on 54%, and VRT on 28% [105] .
These PA technologies can play a role in the sustainability governance of agriculture-based biomass feedstock production. More precise management of farm inputs (e.g., fertilizers, herbicides, and pesticides) reduces excess use of these inputs and associated negative environmental impacts. Additionally, because the sustainable harvest rate of crop residues depends upon field conditions and crop yield [37] , these PA technologies can help farmers harvest a precise level of residues at a given location to meet both profitability and sustainability requirements.
The positive profit impact, though small, indicates the existence of some economic incentive for farmers, especially large farmers, to adopt these PA technologies. Yet, given the relatively low profit increase, there are still barriers to their wider adoption. For instance, the initial investment for these technologies is quite high, which may have prevented their adoption by small farmers and lowered the profitability. These barriers need to be removed in order to entice farmers to use the technologies and realize the associated economic and environmental benefits. Meanwhile, developing these technologies for biomass production could increase the utilization of the devices, potentially leading to a higher profit and increased environmental benefits.
The profit increase resulting from technology adoption, however, may not fully offset the associated costs especially for smaller farmers. This may hinder the expanded adoption of the PA technologies, undermining their potential contribution to sustainable management and governance except if other incentives are provided to the farmers to adopt the technology.
Integrated biorefineries
Integrated biorefineries use a suite of feedstock and processing technologies to produce a variety of bioproducts including biofuels and co-products. This technology, though still under development, is promising because it can more efficiently use feedstock and produce multiple products, reducing environmental impacts and enhancing profitability. The US has continued to invest on optimizing integrated biorefineries [25] . Adding value from non-fuel co-products, integrated biorefineries can foster commercial production of cellulosic biofuels [30] .
Coupled with integrative biofuel supply chains, integrated biorefineries have several implications for sustainability and sustainability governance. First, the high efficiency of integrated biorefineries in terms of feedstock utilization and bioproduct production generates minimum environmental impacts and maximum economic benefits. Second, allowing for the combined use of different feedstock sources enhances land use efficiency, reducing pressure on land to produce a given amount of biofuels. Third, integrated biorefineries entail alternations of and integration with existing supply chains, providing an opportunity to build on and coordinate with existing sustainability monitoring and safeguard systems while the added complexity of new supply chains may create additional challenges for sustainability governance [106] .
Sustainability governance to induce behavioral change
Sustainability governance can be defined as a set of regulatory processes and mechanisms initiated by either state or non-state actors that seek to create behavioral change and thus influence the actions and outcome of actions to make progress towards more sustainable conditions, based on defined sustainability criteria (Mansoor M, Stupak I, Smith CT et al.: Trust and Legitimacy in Sustainability Governance of Bioenergy Supply Chains, in preparation). It is thus crucial to understand which governance system can best induce the desired behavioral change.
Motivations for behavioral change include carrots, sticks, self-consciousness [107, 108] , and social norms [109] . Sticks, or punishments, are often reflected in a mandatory system such as laws and regulations to punish for a bad behavior or a bad consequence from a behavior. Carrots can be incentives provided by a mandatory or voluntary program for a good behavior or a good consequence from a behavior. Additionally, incentives can be created or changed with market opportunities and technology advancements. Self-consciousness is an agent's self-awareness of responsibility for a good behavior or a good consequence of a behavior. Here, by definition, we consider self-consciousness independent of (not overlapping with) a stick or a carrot, although quite often behavior is influenced by a combination of stick, carrot, and self-consciousness. These three behavior-change motivations can be used as instruments for sustainability governance. Seeking their maximum synergies is essential to the efficacy of a sustainability governance system.
Both carrots and sticks are present in existing bioenergy sustainability governance systems. The carrots consist of tax breaks and other incentives for biomass and biofuel production, and the sticks include punishments for violations of laws (e.g., the CWA) or mandatory requirements with no compensation. The carrots are usually part of voluntary programs while the sticks are often associated with mandatory programs. Although the carrot and stick approach is functional to motivate behavior of individuals or organizations [108] , the need and benefits to go beyond this approach by incorporating self-consciousness, trust, and social norms are evident [109] , as it may reduce the need for incentives and control functions to obtain the desired behavior. This is also true for bioenergy sustainability governance (Mansoor M, Stupak I, Smith CT et al.: Trust and Legitimacy in Sustainability Governance of Bioenergy Supply Chains, in preparation).
Several types of sustainability governance systems exist, which can be seen as consisting of standards and participation requirements that each can be mandatory or voluntary, or both (Table 6 ). Entirely mandatory systems include laws and regulations even though some laws and regulations may not be fully enforced. Examples of entirely voluntary systems include, but are not limited to, best management practices and agents' self-initiated conservation activities.
Certification standards often consist of both mandatory (e.g., compliance with laws and regulations) and voluntary standards. Most of the conservation cost sharing or incentive programs have some pre-established standards that are required to be met if an agent chooses to participate in the program as well as some voluntary standards that are usually more flexible. This is also often the case for certification systems.
Compliance with laws and regulations is required for all, and participation is thus mandatory. On the other hand, participation in certification programs, conservation cost sharing or incentive programs, and BMPs is completely voluntary. Participation in voluntary programs may be motivated by the benefits arising from demonstration of compliance with these programs, self-consciousness of participants, or both. Agents (individuals or organizations) can also initiate their own conservation activities based on their self-consciousness and/or benefits. Besides self-consciousness and the standards and requirements established in the mandatory and voluntary programs discussed above, social norms represent another set of standards or expectations for the behavior of individuals or organizations in society. The standards in the mandatory and voluntary programs and social norms are often mutually supplementary [110] . Additionally, compared to developing and implementing mandatory and voluntary programs, complying with social norms incurs relatively low transaction costs partly because it relies on self-compliance. While self-consciousness involves requirements that are internalized by the individual or the organization, social norms are not necessarily internalized. For example, self-compliance may be caused by fear of social or economic sanctions, or the expectations of social rewards, such as being part of formalized or informal communities.
One mechanism that can facilitate the internalization of social norms and sustainability governance requirements is corporate social responsibility (CSR). Corporations usually adjust their behavior in response to societal demands by first complying with legal requirements (obligation), then meeting social responsibilities (informal social norms), and finally surpassing the mainstream expectations (responsiveness) [111] . Although its definition varies, CSR, as practiced, often aims at considering environmental and social consequences while seeking profit maximization [112] . CSR often consists of self-consciousness, along with some pressure from society and embedded economic values (e.g., increased sales and profit resulting from the customers' positive perceptions about the environmental and social footprints of the products). Hence, CSR can be a viable element of a sustainability governance system.
Recommendations for sustainability governance of biofuel and bioeconomic development in the US
The above review clearly indicates the lack of current commercial production of cellulosic biofuels, existence of both potential for and concerns about commercial production of cellulosic biofuels, and availability of various existing sustainability governing instruments, though not specially designed and intended for biofuels, in the US. Based on these findings along with general sustainability governance principles and the lessons learned from previous bioenergy and other programs implemented in the US and other countries as discussed previously, we offer the following recommendations for governing biofuel and bioeconomic development in the US going forward.
A governing framework for sustainability of biofuel and bioeconomic development
It is evident that various instruments and mechanisms are available for sustainability governance. Many governing mechanisms and instruments can be complementary with one another. Moreover, to address a complex issue such as the sustainability governance of biofuel and bioeconomic development, any single instrument or mechanism alone is hardly adequate or effective. This is evidenced by previous similar endeavors including a recent global initiative to Reducing Emissions from Deforestation and forest Degradation (REDD+) [113, 114] .
The connectivity among policy, regulation, certification, markets, technologies, social norms, and self-consciousness as regulators of behavior suggests that they all can play a role in the sustainability governance of agriculture-based biofuel and bioeconomic development. Hence, a sustainability governance system is expected to be more effective if it takes advantage of all these mechanisms to generate maximum synergistic effect on safeguarding sustainability. With this in mind, we propose a conceptual framework for developing a sustainability governance system for biofuel and bioeconomic development in the US, which includes several of these features (Fig. 10 ). It builds on existing policies and programs, mandatory and voluntary, and considers and leverages market and technology along with social norms and activities to internalize sustainability values and build self-consciousness. Finally, it adopts an adaptive feature to sustainability governance.
Building on the existing system
Compared to many other countries in the world, the US has a well-established sustainability governance system that is relevant to agriculture-based biofuel and bioeconomic development. This system consists of existing policies for agriculture, energy, natural resource management and conservation, and environment protection; natural resource and environmental monitoring systems; the legal system; and public awareness. This system, or combination of systems, can and should continue to play an important role in governing the sustainability of biofuel and bioeconomic development in the US.
In designing and implementing new governance policies and programs, existing policies and government and nongovernment programs within the different sectors need to be considered and incorporated. Drawing on existing policies and programs has several advantages. It can reduce transaction costs of sustainability governance by avoiding "reinventing the wheel." Also, it can more promptly detect and respond to the impacts covered by existing policies and programs, which represent most of the major environmental concerns associated with biofuel and bioeconomic development. Moreover, many existing policies and programs (e.g., the Clean Water Act and the Best Management Practices programs) are overarching regulations or programs intended to address some broad environmental issues caused by multiple activities including those that are beyond the specifics of biofuel and bioeconomic development. Relying on or strengthening the existing regulations and programs will enable the system to take a more holistic approach and thereby address common environmental concerns (e.g., soil, water, biodiversity) to which biofuel and bioeconomic development and many other activities all contribute.
However, existing regulations and programs may not be responsive to new or additional environmental and socioeconomic consequences resulting from biofuel and bioeconomic development, nor may they be effective to mitigate such impacts. For example, the Clean Air Act does not explicitly regulate to achieve GHG emission savings, which is an important driver for biofuel and bioeconomic development; some existing certification programs do not cover the entire biofuel supply chain and thus cannot safeguard the sustainability of biofuel production generally [106] . Additionally, domestic policies and programs are not able to control for the displaced impacts in other countries (e.g., indirect land use change), which can also in turn affect the US as the world becomes increasingly interconnected, economically and environmentally. All these cases suggest the need to modify existing policies and programs and/or add new ones.
Considering and leveraging market and technology along with other forces
As previously discussed, market and technology can play and have played important roles in shaping production and consumption, ultimately leading to environmental impacts. Thus, market, technology and their interactions need to be considered in addressing sustainability concerns associated with biofuel and bioeconomic development. Further, we showed that market and technology can be used as instruments or mechanisms for monitoring and mitigating negative impacts resulting from biofuel and bioeconomic development.
In terms of markets, this will first entail a good understanding of the links between the markets of biomass and biofuels and those of food, fiber, fossil fuel, and other renewable energy products. Such knowledge will help more effectively leverage market forces and mechanisms for sustainability governance. Subsequently, market-based approaches (e.g., tax, subsidy, market access) can be designed and adopted for sustainability governance. Market-based approaches can play a primary role or complement regulations in governing sustainability.
Regarding technology, it is critical to develop new technologies for more sustainable production, transport, and utilization of biomass, biofuels, and other bioproducts. Such technologies will reduce negative impacts in the first place, thus alleviating subsequent needs for mitigation efforts. Meanwhile, adopting more effective technologies for monitoring and mitigating negative impacts resulting from biofuel and bioeconomic development is also important. For instance, no-till and precision agriculture technologies can help reduce some environmental impacts associated with biomass production.
In addition to leveraging market and technology, social norms and levels of self-consciousness among organizations and individuals should be considered for the design of a sustainability governance system. Leveraging such forces may save resources, or activities aiming at increasing self-consciousness may be a part of the governance system. Several studies also show that the uptake of sustainability governance among the targeted actors, as well as willingness to comply with standards, depends on societal trust that it may take a long time to build [115] . Trust thus needs to be developed for policy and program design and enforcement aspects of governance systems to be legitimate in the eyes of the public and bioenergy sector actors. Advocating corporations to assume their social responsibilities should be another important part of the sustainability governance system.
Adopting adaptive governance
There are various sources of uncertainties associated with biofuel and bioeconomic development in the US. For instance, it is hard to predict when and to what extent the production of cellulosic biofuels will be scaled up in the US. There is also a lack of knowledge and data for understanding the interactions, especially higherorder interactions, within the biofuel production and consumption system and among the biofuel system, the broader socioeconomic system, and the environment. Given the fact that some uncertainty will always exist, adaptive sustainability governance seems appropriate. Such an approach should incorporate risk monitoring mechanisms and risk management strategies to safeguard biofuel and bioeconomic development from potential, especially irreversible, environmental risks. Monitoring systems should continually be improved so that governance mechanisms and strategies can be adjusted when new knowledge and information become available.
Other recommendations for sustainability governance Overarching governance for land use and land-based resources management
Land is a common resource base for food, fiber, and biofuel production, which generate some joint environmental impacts on soil, water, and wildlife habitats. Developing and implementing some overarching guidelines for land use and for the mitigation of these common environmental impacts caused by food, fiber, and biomass/biofuel production would be more effective to safeguard the overall sustainability of land-based resources than addressing these impacts resulting from food, fiber, or biofuel production, respectively. More integrative and coordinated land use planning and analysis would be helpful to improve land use efficiency and minimize the overall negative impacts of land use.
Avoiding policy-induced unsustainability
Sustainability concerns about production expansion of advanced and cellulosic biofuel production in the US stem from the biofuel mandates and production targets established in the regulation, i.e., the EISA of 2007. The conundrum is if and how any ex ante sustainability assessment was performed prior to the establishment of the production targets. Although an ex ante assessment might not anticipate, detect, or correctly assess all potential issues or concerns, it can help to avoid some of them. For this type of policy-induced unsustainability, a way forward is adjust the policy itself-for example, lowering the production target to a level that will not compromise sustainability goals other than climate change mitigation. However, it is a political task to make the possible tradeoffs.
Keeping the governance system as simple as possible
The broad scope and complex web of linkages associated with biofuel and bioeconomic development suggests the complexity of governing the associated sustainability concerns. Yet, an overly complex governance system is hardly feasible or effective. For example, when a governance system has too many indicators, it will be too costly, if not impossible, just to measure them, needless to say to control for the impacts measured by all these indicators. This does not mean that these indicators are not important, but instead suggests the need to further identify and quantify the relationships among some indicators. Knowledge about such relationships will help simplify sustainability monitoring and governance. Our analysis showed examples of existing linkages among the environmental, economic, and social aspects of biofuel and bioeconomic development. This indicates that a simpler sustainable governance system is also possible as the linkages imply that there is no need to control everything to achieve the sustainability objectives. Taking further advantages of these linkages will require more knowledge about the specific relationships among environmental, economic, and social indicators in the web around biofuel and bioeconomic development as well as aggregation and normalization of measurements of these indicators [116] , when such knowledge is not already available. We suggest focusing on a few key indicators representing major sustainability concerns for an initial sustainability governance system, and then improving the system as new and better knowledge is obtained. Experiences from the biogas sector in Europe confirm that this may well be a useful way to move forward [117, 118] .
Conclusions
Sustainability governance of agriculture-based biofuels and bioeconomic development is complex and challenging given the complexity of biofuel value chains and especially their interrelationships with the broader ecological, economic, and social systems, and other sectors such as food, fiber, and energy. Limited knowledge, lack of data, and uncertainties about the interrelationships add additional difficulty to designing an effective sustainability governance mechanism. The complexity calls for a systematic approach to sustainability governance. However, a complex governance mechanism is impractical and costly and hence is unlikely to be adopted. Tractability entails a simple and yet effective mechanism. This is possible if we can understand and take advantage of the interrelationships among different components of the complex system. The interrelationships suggest that controlling for one thing will have impacts on others. Hence, there is no need to control for everything or all things to achieve the sustainability goals. Furthermore, strategic employment of sticks and carrots, and leverage of selfconsciousness and social norms in a sustainability governing system is of great importance to enhance its efficacy.
To move forward, we thus need to have a good understanding of the environmental, economic, and social impacts of biofuel and bioproduct production and consumption under various circumstances. Without such knowledge, it is impossible to effectively govern the sustainability of biofuel and bioeconomic development. Meanwhile, it is crucial to monitor biofuel and bioproduct development and deployment and key indicators for their associated environmental, economic, and social consequences. Fortunately, existing environmental regulations, increasing public awareness, and subsequent scrutiny of biofuel and bioproduct development have laid a strong foundation for biofuel and bioproduct sustainability governance in the US. Building on this foundation and proper monitoring, effective governing systems can be developed and implemented in response to sustainability impacts within the US when they arise in sync with gradual upscaling. However, one major challenge is likely to be indirect effects of US biofuel development on other parts of the world. How to govern biofuel sustainability at the global level, though extremely complex and important, is beyond the scope of this paper. This is a critical area for future studies.
